3
and computational modeling of these clusters aided in breathtaking developments in cluster science.
Although metal clusters are considered a part of the broader class of metal nanoparticles (NPs), they have a much shorter history and their manifested characteristics may only be understood based on quantized electronic interactions. However, metal NPs of tens to hundreds of nanometers have been used by artists since the Middle Ages and before to stain glass with colorful hues. Although these artisans were unaware of the exact source and nanoscale nature of the material that helped emanate these beautiful colors, later plasmonic NPs were observed to cause these phenomena. [10] [11] In 1857, Faraday reported the first formal synthesis of metal NPs, i.e., the synthesis of a red Au NP solution. 12 He immediately attributed the color of the solution to the size of the Au particles even though he lacked evidence to substantiate this hypothesis. Almost a century later in 1951, with the arrival of electron microscopy, Turkevich et al. 13 and the Au 11 cluster 14-15 produced a similar red solution despite their drastically different sizes.
The red appearance of Faraday's NPs 11, 13 was attributed to surface plasmons whereas molecularlike electronic transitions 15 were thought to cause the reddening of the Au 11 cluster solution.
Following the footsteps of Brust et al., 16 Whetten and co-workers [5] [6] 17 reported the synthesis of 5.6, 8.7, 10.4 and 29 kDa Au species/clusters in their work of late-1990s and early2000s, coining the concept of gold NP 'molecules'. However, purification and complete isolation of these ∼1-2-nm clusters remained elusive, resulting in a poor estimation of their precise 4 molecular formula. 5 Successive work by the Tsukuda group 3 in a similar system led to the isolation and unambiguous determination of the molecular formula of several magic goldglutathione Au m (SG) n species, including Au 10 (SG) 10 , Au 15 (SG) 13 , Au 18 (SG) 14 , Au 22 (SG) 16 , Au 22 (SG) 17 , Au 25 (SG) 18 , Au 29 (SG) 20 , Au 33 (SG) 22 and Au 39 (SG) 24 . This seminal work in the mid2000s by the Tsukuda group 3 spurred research on Au clusters and on other metal compositions.
After Au, Ag was an obvious candidate because of its low price, largely unexplored properties and shared similarities with Au, despite its notorious lack of stability. A few unconfirmed reports focused on the precise composition of Ag NPs; [18] [19] however, in the late2000s, Bakr and Stellacci et al. 20 discovered Ag NPs with precise formula that displayed nonplasmonic nature. 21 These non-plasmonic Ag NPs were called IBANs (Intensely and Broadly
Absorbing Ag NPs). 20 Analogous to the Au m (SG) n species, IBANs have a precise molecular formula of [Ag 44 (SR) 30 ] 4-and are < 2 nm in size. [20] [21] Since then, a handful of precise thiolated Ag clusters have been characterized with atomic precision. 4, [22] [23] [24] [25] [26] For example, recent work on the glutathione Ag system by the Bigioni group led to the isolation of various magic Ag m (SG) n species that mostly remained uncharacterized except for the Ag 32 (SG) 19 species. 23 A species with the same optical spectrum as Ag 32 (SG) 19 was assigned by Bertorelle et al. 22 as Ag 31 (SG) 19 . This discrepancy in the mass characterization of similar optical species may be due to the ease of fragmentation and rearrangement of atoms in the gas phase in a mass spectrometer. However, the structure could be decisively determined in the solid state using single-crystal X-ray diffraction if the cluster could be successfully crystallized. Thus, the ground-breaking work of the Kornberg group, 27 which revealed the crystal structure of Au 102 (p-MBA) 44 , paved the way for subsequent crystal structure determination of other metal clusters, such as Ag 44 (p-MBA) 30 28 and
Ag 44 (SPhF 2 ) 30 29 with a charge of 4-. This landmark achievement not only revealed the molecular 5 structure and metal-thiolate interface of the clusters with unprecedented detail but also provided enormous impetus for the explosive growth in the theoretical and computational fields to understand and predict the fundamental properties associated with the existing and emerging metal clusters.
Decades earlier, before the actual crystallization of the thiol-protected Au/Ag clusters, [27] [28] [29] significant theoretical work was performed to understand and predict the properties of bare metal clusters and was known as the superatom theory. 8, [30] [31] These gas-phase metal clusters were assumed to behave like giant atoms and therefore follow the same rules as atoms, such as orbital hybridization, Hund's rule, and the Aufbau principle. Therefore, superatom theory is no different from atomic theory even though superatoms are composed of a few tens to thousands of atoms and have the Jellium foundation. 8, 30 The Jellium model assumes that positive charges are spread evenly over the sphere and are inert ( Figure 1a) . 8, 30 This assumption indeed qualitatively explained various properties related to superatoms. For instance, consider the Na n cluster. Sodium has one 3s electron in its valence shell and is known to form bare Na n clusters in the gas phase. 8 Following the observation that some Na n species were more stable than others, Knight and coworkers 8 rationalized this discrepancy based on the electronic shell-closing rule of the superatom theory, where large HOMO-LUMO gaps created by a closed shell conferred stability to bare Na n clusters analogous to those of inert gases.
The resemblance between the filling of the superatomic orbitals of these bare metal clusters to the filling of atoms inspired Häkkinen's group 33 to extend this idea to ligand-protected metal clusters that follow the electronic shell closure rule described below: 6 imparting exceptional stability to these gas phase clusters ( Figure 1b) . 7 Although the electronic shell-closing rule is useful in explaining the stability of clusters, it also suggests the existence of a limited number of stable clusters with closed electronic shells.
Research work by Brust and coworkers on Au-thiolates provided some insights to stabilize clusters' metal core with ligands. 16 However, this idea was later viewed more generally as describing a metal core that can coordinate, deposit, or access electrons from an electron reservoir in the form of surface ligands to maintain a coveted closed electronic shell, thereby ensuring stability. The idea of ligands as a surrounding electron reservoir then spread to Ag and other metals, [4] [5] 19 where ligands are believed to satisfy the dangling bonds present on a cluster. 16 By considering ligand and metal-core interactions, Walter et al. 33 proposed an electron count magic rule for ligand-protected metal clusters. According to the rule, for the ligand-protected Ag
, where C is a Lewis-base-type coordinating ligand that does not withdraw electrons but rather bonds to a metal core through a dative bond (e.g., phosphine and amine) and L is a one-electron-withdrawing ligand (e.g., thiol), the electron-count rule is
where υ is the atomic valence of Ag, N is the number of core Ag atoms, M and x are the number of respective ligands and z is the overall charge of the cluster. Despite the success of the electronic shell closure, the presence of conspicuous mass peaks of bare metal clusters, such as Na 12 , Na 26 , and Na 38 , in the gas phase 8 and stable ligandprotected metal clusters, such as Au 38 (SR) 24 36 , Ag 32 (SG) 19 23, 37 and Ag 15 (SG) 11 , 22 in the condensed phase appear to be exceptions to the rule. However, Clemenger attributed the stability Page 7 of 37
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Syntheses of Ag clusters
The synthesis protocol for ligand-protected Ag clusters is rather straightforward.
Generally, a Ag salt is mixed with a thiol ligand in a suitable solvent system to form a silverthiolate complex. The silver-thiolate complex is then reduced with a strong reducing agent, such as NaBH 4 , to produce Ag clusters that are successively washed and then re-dispersed in an appropriate solvent. Other synthetic routes, such as solid-state, 42 ligand-exchange, 43 and antigalvanic processes, 44 are also available. Some aqueous syntheses produce polydispersed Ag clusters such as Ag m (SG) n clusters 4, 19 , whose purity and monodispersity are achieved either via cyclic reduction under oxidative conditions or through polyacrylamide gel electrophoresis (PAGE). By contrast, the monodispersity of organic soluble clusters, especially alloys, is improved via thermal processing 29 or chromatography [45] [46] [47] . Nevertheless, by tailoring the properties of the solvents and ligands, some remarkable success has been achieved in obtaining a truly single-sized product of Ag clusters in both aqueous and organic phases using one-pot synthesis approaches. 20, [28] [29] [48] [49] This scaling up of cluster synthesis with no known upper limit (irrespective of pure or doped clusters, Figure 2 ) reminds us of the molecular nature of these clusters and could facilitate the application of clusters in photocatalysis 50 and sensing [24] [25] over large areas in addition to improving the fundamental understanding of their properties. 
Factors involved in tuning the properties of Ag clusters
The physical and chemical properties of clusters are affected by their cores, ligands, and environments. By varying these factors, it is possible to tune the cluster properties. To illustrate, consider the family of magic Ag m (SG) n clusters. 4, 51 While synthesizing the family of glutathione Ag clusters, the same environment was sustained in a reaction vessel; however, clusters purified from the gel exhibited distinct optical properties. This behavior is possible because of the different core sizes, i.e., the number of Ag atoms changed from one cluster to another. However, it is expected that the change in core atoms would subsequently lead to a different number of ligands to enclose the core appropriately, which was also observed with Au m (SG) n 3 and
Au m (PET) n 7 clusters (PET: 2-phenylethanethiol), where a quantitative relationship was mapped between the cluster cores and their optical properties.
The properties arising from the cluster core can also be engineered by doping or alloying the cluster with other metal atoms, resulting in combined properties from both metal atoms. In general, doped clusters are synthesized by reducing a suitable ratio of different metal salt
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The Journal of Physical Chemistry Letters 10 . In addition to galvanic exchange, the antigalvanic process was also observed to be equally effective for alloying the clusters. alloying. Although both the galvanic and anti-galvanic processes produced luminescence clusters, in both cases, the cluster size unfortunately changed because of the alloying, which complicates the determination of the most crucial factors affecting the cluster properties.
Nonetheless, this reactivity of the clusters in the galvanic/anti-galvanic process stems from the reduction potential of the metals, which decreases drastically with the core size. 54 For instance, the standard reduction potential of bulk Ag changed from +0.79 V to -1.8 V when its size reached an isolated Ag atom in aqueous solution. 54 This dramatic change in the reduction potential makes clusters attractive for the galvanic and anti-galvanic processes.
The environment where the clusters originate and/or are placed is also an important factor that contributes to their overall characteristics. Some environmental factors, such as temperature, 55 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   13 and thermochromism, 55 a complete understanding of how the environment affects the cluster properties has not yet been achieved. The ligand is another factor that changes the cluster properties. The compatibility of a cluster toward a particular solvent largely depends on the ligand. Moreover, the cluster stability depends on how well the ligands guard a sensitive core from the surrounding environment. A few examples of ligand effects on Ag clusters are highlighted here, starting with a demonstration by Bakr et al. 20 Figure 3b shows that six different aryl-thiol ligands produced similar optical spectra to Ag; however, the ligand with a substitution next to its thiol (-SH) group was observed to affect the optical spectrum the most. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 versa by exploiting the differences in the binding energy of the Ag-S bond arising from different thiol ligands. In addition to tuning the size, other properties, such as chirality, can also be introduced to a cluster via the ligands, as described by Cao et al. 58 These researchers induced chirality in an achiral Au 25 cluster by capping it with a chiral ligand, such as (R/S)-2-amino-3-phenylpropane-1-thiol, which could be useful in modern optics. Chirality in Ag clusters has yet to be explored; however, a handful of reports probed chiral-thiol-protected Ag clusters. 
Understanding the properties of Ag nanoclusters
Absorption spectroscopy is routinely used in the characterization of organic molecules and inter-band (d→sp) transitions within the cluster. 35 In other words, the transitions arising at the red end of the spectrum are attributed to the metal core, whereas the blue end are dominated by both metal and ligand characteristics, i.e., -S-Au-S-Au-S-motifs. 35 Based on this information, the Aikens group 20 predicted the size and crystal structure of IBANs in 2009.
Neither the size nor the crystal structure was precisely known at the time; however, these researchers simulated the absorption features of IBANs and predicted a size of 25 atoms (i.e., Ag 25 ). 20 Later, mass spectrometry and single-crystal X-ray diffraction measurements proved otherwise, i.e., IBANs are Ag 44 clusters. 21, [28] [29] Although the theoretical prediction using DFT did not match the experimental data for IBANs, it helped the theoretical community tremendously in further refining their predictions, such as in 2010, when Lopez-Acevedo et al. 68 predicted the crystal structure of Au 38 (SR) 24 using DFT before the publication of the actual experimental structure 36 . In addition to absorption, clusters also display luminescence behavior, by which it might be possible to predict the cluster size if the emission is due to the bandgap (Eg) transition. This potential was first recognized by Kubo 70 in 1962 with a simple scaling factor of E f /N, i.e., the energy gap in small metal clusters scales as 1/N, where N is the total number of atoms, and E f is the Fermi energy of silver 5.49 eV 31, 71 . The absence of fluorescence in bulk metals is due to overlapping energy states that provide numerous non-radiative pathways for the decay of an excited electron. 72 However, because of the presence of discrete energy states, small metal clusters exhibit fluorescence 73 . Early work by the Whetten group 72 attributed intraband (sp→sp) transitions within a metal core to the photoluminescence of < 2-nm-sized Au clusters.
Subsequent work from the same group on the precise cluster Au 28 (SG) 16 
21
The luminescence data in Table 1 of Ag clusters were analyzed using the scaling factors reported by Kubo 70 and Zheng et al. 75 ( Figure 6 ) to study the size-dependent emission properties. Although the origin of such discrepancy is a complex problem with many potential variables and assumptions and is beyond the scope of this article; nevertheless, it can be understood that the photoluminescence may not originate only from the band-gap of clusters, which limits our ability to predict Ag cluster size spectroscopically with the emission energy versus Eg relation. cluster Ag atoms (N)
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In order to minimize the decomposition of Ag clusters with light in optical spectroscopy and to identify materials close to their native states, mass spectrometry (MS) with softer ionization method is essential. The Whetten group used laser desorption ionization (LDI) MS for the characterization of Au clusters. [5] [6] 17 However, because of the significant fragmentations from the LDI, relatively softer techniques with high resolution, such as matrix-assisted laser desorption ionization (MALDI) and electrospray ionization (ESI), are more prevalent today. The ESI MS, in particular, is preferred over MALDI because it neither uses light (laser) nor a solidified sample with matrix. The Tsukuda 3 and Griffith groups 23 characterized magic-size Au m (SG) n and Ag 32 (SG) 19 clusters, respectively, using ESI MS. The Griffith group observed that the Ag thiolates were more fragile and prone to fragmentation than their Au counterparts. 23 Nevertheless, MS is one of the most important tools for the characterization of clusters where the molecular formula of the compound of interest is important for identification and crystallization poses a significant challenge.
Crystallization ensures purity of the material by consolidating molecules in a dense space where single-crystal X-ray diffraction can reveal the ultimate atomic coordinates in 3D space.
Detection of the intact cluster or its fragments in MS sometimes make interpreting a mass 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 23 spectrum quite challenging because several processes, such as rearrangement, coordination, and fragmentation, occur in parallel in the gas phase. Most of these gas-phase metal clusters are difficult to crystallize or manipulate because they either change their properties or lose identity when they contact other species. Growing a single crystal from the solution phase of the cluster could be a possibility, although crystallization is challenging. Despite these challenges, there are reports of the crystallization of pure-thiol and mixed-ligand Ag clusters. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Manifestation of fundamental properties such as the optical-activity and reactivity is key to understanding metal clusters better and can ultimately be achieved using single-crystal X-ray diffraction for both aqueous 28 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 As observed in Figure 8 , the Au clusters are protected with one-dimensional motifs whereas the Ag clusters crystallized so far are protected with three-dimensional motifs. Although the ubiquitous nature of the three-dimensional Ag 2 S 5 motif has yet to be proven, it can be argued that the many one-dimensional motifs would provide better coverage for a cluster core than the 20 whereas a similar composition can be obtained in a one-pot synthesis in an hour using the procedure described by Desireddy et al 28 . This shortening of the synthesis time is crucial for materials processing and applications on industrial scales. Nevertheless, the key factors behind this drastic reduction in synthesis time have not been seriously considered. In Silver has received less attention than has gold from the beginning even though it is inexpensive. This inferiority of silver over gold was due to its susceptibility to oxidation.
However, at the nanoscale, Ag is not as susceptible to oxidation as indicated by the resistance of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   28 could have numerous Ag m clusters with various properties that could go beyond the periodic table of elements to meet our needs. We believe that emerging Ag clusters may follow a particular trend described by the stability curve presented in Figure 9 . ])
It is apparent from Figure 9 that ligand-protected metal clusters follow a certain trend described by the plot of n e versus cluster metal atoms. Notably, the clusters populate themselves around a line with a slope of 2/3. Therefore, the magic size clusters maintain a magic ratio of approximately 2 free electrons for every 3 metal atoms with some intercept value ( Figure 9 ). We expect that emerging Ag clusters would follow the trend described by the stability curve because it would be difficult to synthesize a mono-thiol protected clusters that deviate considerably from the projection of the stability curve. We also studied the plot of (n e -|z|) versus cluster core atoms 
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(not shown) but did not find much difference because the majority of clusters are neutral.
Regardless of the superatom theory, this stability curve can serve as a guide for predicting the sizes of Ag m clusters that can be synthesized, which could be studied like the periodic table of elements. Furthermore, the stability curve also suggests a threshold of a cluster size of ∼15 atoms, beyond which the core atom count in a cluster would always be greater than the ligand count.
Finally, impending chaos is on the horizon for the systematic study and organization of existing and emerging ligand-protected metal clusters. Therefore, a healthy debate on this matter is expected in the scientific community. Attempts toward the systematic study of bare gas-phase metal clusters in a 3D periodic table have been discussed in the literature; [85] [86] Figure 10 , bottom panel. Interpreting these clusterographs would be more appropriate for computers than for humans. 
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